eg 
o 

IT) 

o> 

O 

Q. 
UJ 



(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(11) 



EP 0 954 072 A1 



(12) 



EUROPEAN PATENT APPLICATION 



(43) 


Date of publication: 


(51) intci.*: H01S 3/30, H04B 10/17 




03.11.1999 Bulletin 1999/44 






(21) 


Application number: 99302693.9 






(22) 


Date of filing: 07.04.1999 






(84) 


Designated Contracting States: 


(72) 


Inventors: 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• 


Jacobovltz-Veselka, Gloria R. 




MC NL PT SE 




Clarksville, Maryland 21029 (US) 




Designated Extension States: 


• 


Reed, William Alfred 




AL LT LV MK RO SI 




Summit, New Jersey 07901 (US) 


(30) 


Priority: 15.04.1998 US 81825 P 


(74) 


Representative: 




01.09.1998 US 145324 




Johnston, Kenneth Graham et al 








Lucent Technologies (UK) Ltd, 


(71) 


Applicant: LUCENT TECHNOLOGIES INC. 




5 Mornington Road 




Murray Hill, New Jersey 07974-0636 (US) 




Woodford Green Essex, IG8 OTU (GB) 



(54) Cascaded raman resonator system and apparatus 



(57) Embodiments of the invention include an opti- 
cal fiber laser system with a cascaded Raman resonator 
(CRR) or other suitable Raman frequency shifting de- 
vice having a length of optical fiber with at least one input 
pump reflector, a series of Raman-Stokes order reflec- 
tors and an output reflector therein. The reflectors are 
written to provide sufficient conversion efficiency de- 
spite the use of the cascaded Raman resonator with dif- 
fering pump laser wavelengths. The reflectors are writ- 
ten not necessarily in correspondence with the gain 
maxima of the intermediate Stokes orders , but instead 
are written to reflect with less than maximum gain con- 
version intensity, yet in a manner that allows different 
pump laser wavelengths to be converted thereby When 
operating the cascaded Raman resonators at sufficient- 
ly high pump powers, input pump reflectors are not nec- 
essary. Cascaded Raman resonators designed in ac- 



cordance with embodiments of the invention are useful 
with different pump laser wavelengths. For example, 
1480 nm cascaded Raman resonators, which conven- 
tionally are used only with 1117 nm pump lasers, are 
useful according to embodiments of the invention with 
1100 nm pump lasers as well. Similarly, 1450 nm cas- 
caded Raman resonators, which conventionally are 
used only with 1100 nm pump lasers, are useful accord- 
ing to embodiments of the invention with 1 1 1 7 nm pump 
lasers as well. Amplification devices according to em- 
bodiments of the invention are power scaleable in a 
manner sufficient to provide optical fiber amplification at 
a desired output wavelength for a given plurality of pump 
lasers having different operating wavelengths. Also, the 
devices according to embodiments of the invention are 
less complex and less expensive than conventional ar- 
rangements. 
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Description 

Background of the Invention 

1. Field of the Invention 5 

[0001] The invention relates to optical amplifiers and 
lasers. More particularly, the invention relates to optical 
amplifier and laser apparatus and methods using cas- 
caded Raman resonators. 

2. Description of the Related Art 

[0002] Optical amplifiers and lasers are used within 
optical communications systems to compensate for 
losses incurred throughout the system. Optical amplifi- 
ers often include a Raman amplifier or laser to pump 
light at a particular wavelength. See, for example, U.S. 
Patent No. 5,323,404. 

[0003] In general, Raman amplifiers and Raman la- 
sers are based on stimulated Raman scattering, a non- 
linear optical process that involves converting light from 
an optical source to the vibrational modes of a non-linear 
optical transmission medium (for example, an optical 
fiber, typically a silica-based optical fiber) and re-radia- 
tion at a different (typically longer) wavelength. 
[0004] For example, a cascaded Raman laser typical- 
ly is a Raman laser with a non-linear optical transmis- 
sion medium that has, in addition to a pair of reflectors 
that defines an optical cavity for radiation of an output 
wavelength 7^, at least one Raman -Stokes order reflec- 
tor pair defining a corresponding optical cavity for radi- 
ation of wavelength X^ <\ n , where n > 2. The reflector 
pairs are, for example, Bragg gratings, etched gratings 
or in-line refractive index gratings. When fused silica is 
used as the non-linear medium, the maximum Raman 
gain occurs at a frequency shift of 1 3.2 terahertz (THz), 
which corresponds to a wavelength shift of approxi- 
mately 50-100 nanometers (nm) for pump wavelengths 
between approximately 1.0 and 1.5 microns (|im). 
[0005] A cascaded Raman resonator (CRR) includes 
a non-linear optical transmission medium to generate 
Raman laser energy at a specific output wavelength 
(fcj. More specifically, the cascaded Raman resonator 
converts light from an optical source such as a pump 
laser operating at a pump wavelength (Xp) to the desired 
output wavelength (X n ). 

[0006] Suitable applications of such cascaded Ram- 
an resonator include, for example, remotely pumped er- 
bium (Er) fiber amplifiers in repeaterless optical fiber 
communication systems. 

[0007] However, conventional cascaded Raman res- 
onators typically require optical sources that operate at 
a specific pump wavelength (X p ) depending on the cas- 
caded Raman resonator output wavelength (\) de- 
sired. For example, a cascaded Raman resonator hav- 
ing an output wavelength (Xp) of 1480 nm typically is 
useful only with an optica! source such as a pump laser 



operating at a pump wavelength (X p ) of 1117 nm, which 
corresponds to a series of resonators spaced at wave- 
lengths corresponding to the maximum Raman gains or 
frequency shifts of about 1 3.5 THz. Similarly, a cascad- 
ed Raman resonator having an output wavelength (X n ) 
of 1 450 nm typically is useful only with an optical source 
such as a pump laser operating at a pump wavelength 
(X p ) of 1100 nm. 

[0008] Thus, it would be desirable to have available 
Raman laser devices that are power scaleable and more 
independent of the device input wavelength (X p ). Such 
devices would be more versatile in that, for example, the 
devices would not be limited to use with sources having 
only a specific pump wavelength (X p ) that corresponds 
to a Raman-Stokes order that leads to the desired out- 
put wavelength (X n ) of the device. 

Summary of the Invention 

[0009] The invention is as defined by the claims. Em- 
bodiments of the invention include an apparatus for con- 
verting light within an optical fiber communications sys- 
tem. Embodiments of the invention provide a cascaded 
Raman resonator (CRR) or other suitable Raman fre- 
quency shifting device having an optical energy trans- 
mission medium with a series of Raman-Stokes order 
reflectors and an output reflector therein. One or more 
of the reflectors are written to provide conversion with 
less than maximum efficiency, but sufficient efficiency to 
allow different pump laser wavelengths to be converted 
thereby For example, the reflectors within the cascaded 
Raman resonator are written at wavelengths that are not 
necessarily at the maximum of the Raman gain for the 
pump wavelength (Xp) but still provide sufficient conver- 
sion efficiency 

[0010] In one embodiment of the invention, a cascad- 
ed Raman resonator includes an optical fiber with an 
optical cavities defined by a pump reflector and a pair 
of highly reflective gratings whose maximum reflectance 
wavelength does not correspond to the wavelength 
where the theoretical maximum Raman gain occurs but 
is within an acceptable range for sufficient conversion 
efficiency. Alternatively, one or more of the reflectors in 
the series of intermediate Raman-Stokes reflectors and 
the low reflectivity output reflector are not necessarily 
written at wavelengths that correspond to the theoretical 
maximum Raman gain but are within acceptable ranges 
thereof for sufficient conversion efficiency. 
[0011] According to another alternative embodiment 
of the invention, the cascaded Raman resonator does 
not use a pump reflector. More specifically, when oper- 
ating at sufficiently high pump powers, for example, 
greater than approximately 4 watts, sufficient conver- 
sion exists over approximately the first 500 meters of 
fiber that the pump reflector, typically written within at 
the pump wavelength (X p ), is not necessary. 
[0012] Cascaded Raman resonators designed in ac- 
cordance with embodiments of the invention are useful 



15 



20 



25 



30 



35 



40 



45 



SO 



2 



EP 0 954 072 A1 4 

FIG. 4 is a simplified schematic diagram of an opti- 
cal fiber laser system according to an embodiment 
of the invention; 

FIG. 5 is a simplified schematic diagram of an opti- 
s cal fiber laser system according to another embod- 
iment of the invention; 

FIG. 6a is a graphical diagram of light absorption 
versus optical fiber length for high pump powers; 
FIG. 6b is a graphical diagram of light absorption 
w versus optical fiber length for low pump powers; and 
FIG. 7 is a simplified schematic diagram of an opti- 
cal fiber laser system according to an alternative 
embodiment of the invention. 

is Detailed Description 
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with different pump lasers having different pump wave- 
lengths (Xp). For example, 1480 nm cascaded Raman 
resonators, which conventionally convert optical energy 
from 1117 nm pump lasers to an output signal wave- 
length of 1480 nm, also are useful for converting optical 
energy from, for example, 1100 nm pump lasers to the 
output signal wavelength of 1480 nm. 
[001 3] Alternatively, when operated at low pump pow- 
ers, for example, less than approximately 4 watts, 1480 
nm cascaded Raman resonators (CRR) include an ad- 
ditional high reflectance grating written at approximately 
1100 nm to reflect the non-absorbed light. In this man- 
ner, 1480 nm cascaded Raman resonators are useful 
with, for example, 1100 nm pump laser sources in addi- 
tion to 1117 nm pump lasers. In conventional arrange- 
ments, 1 1 00 nm pump lasers typically are used only with 
1450 nm cascaded Raman resonators, which conven- 
tionally are designed to convert optical energy from 
1100 nm pump lasers to an output signal wavelength of 
1450 nm. 

[001 4] Also, in a similar manner, according to embod- 
iments of the invention, 1450 nm cascaded Raman res- 
onators, which conventionally convert optical energy 
from 1100 nm pump lasers to an output signal wave- 
length of 1450 nm, also are useful in converting optical 
energy from 1.117 nm pump lasers to the output signal 
wavelength of 1450 nm. Alternatively, when operated at 
low pump powers, for example, less than approximately 
4 watts, 1450 nm cascaded Raman resonators include 
an additional high reflectance grating written at approx- 
imately 1117 nm to reflect the non-absorbed light. In 
conventional arrangements, 1117 nm pump lasers typi- 
cally are used only with 1480 nm cascaded Raman res- 
onators, which conventionally are designed to convert 
optical energy from 1117 nm pump lasers to an output 
signal wavelength of 1480 nm. 
[0015] Cascaded Raman resonator (CRR) devices 
according to embodiments of the invention are power 
scaleable in a manner sufficient to provide adequate op- 
tical power for a variety of application at a desired output 
wavelength for a given plurality of pump wavelengths. 
Also, the devices according to embodiments of the in- 
vention are less complex and less expensive than con- 
ventional arrangements. 

Brief Description of the Drawings 

[0015] In the drawings: 

FIG. 1 is a simplified schematic diagram of a typical 
optical fiber laser system; 
FIGS. 2a-b are simplified schematic diagrams of 
conventional optical fiber laser system arrange- 
ments; 

FIG. 3 is a graphical diagram of the Raman gain 
spectrum for an optical transmission medium of 
fused silica fiber and a pump wavelength of approx- 
imately 1 u.m; 



[0017] In the following description similar components 
are referred to by the same reference numeral in order 
to enhance the understanding of the invention through 
the description of the drawings. 
[0018] Although specific features, configurations and 
arrangements are discussed hereinbelow, it should be 
understood that such is done for illustrative purposes 
only. A person skilled in the relevant art will recognize 
that other steps, configurations and arrangements are 
useful without departing from the spirit and scope of the 
invention. 

[0019] Embodiments of the invention are based on 
the advantageous realization that light converted with 
less than theoretically maximum efficiency still is suffi- 
cient for many optical fiber laser applications. Accord- 
ingly, at least one of the reflective grating pairs written 
on the optical energy transmission medium contained 
within a Raman frequency shifting device is not neces- 
sarily written in direct correspondence with the theoret- 
ical maximum gain of the intermediate Stokes orders. 
Such realization is used to fabricate, for example, cas- 
caded Raman resonators (CRR) and other suitable op- 
tical conversion devices that are power scaleable in a 
manner sufficient to provide optical fiber amplification 
(via Raman shifts) at a desired output wavelength for a 
given plurality of pump lasers operating at different 
pump wavelengths. 

[0020] Also, embodiments of the invention are based 
on the advantageous realization that, with respect to 
pumped light versus optical fiber length at sufficient 
pump powers, for high pump powers, for example, 
greater than approximately 4 watts, the pumped light is 
significantly if not effectively completely absorbed in the 
first hundred meters of the optical fiber. Therefore, when 
operating at such high pump powers, a pump reflector 
often is not needed within the optical conversion device. 
[0021] Referring now to FIG. 1, an optical fiber laser 
system 10 is shown. The optical fiber laser system 10 
includes, for example, a cascaded Raman resonator 
(CRR) 12 that is adapted for receiving optical energy 
from a pump laser 14 at a pump wavelength of Xp and 
converting the optical energy to output optical energy at 
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an output wavelength of The pump laser includes, 
for example, a high power diode laser 1 6 and a cladding 
pumped fiber laser 1 8. The components of the pump la- 
ser 14 are given for illustration purposes only and are 
not meant to be a limitation of embodiments of the in- 
vention. It should be understood that, in accordance with 
embodiments of the invention, the pump laser 14 can 
have conventional structure. A suitable pump laser is, 
for example, a 1117 nanometer (nm) cladding pumped 
fiber laser (CPFL). 

[0022] The cascaded Raman resonator 1 2 includes a 
length of optical fiber 32 or other suitable optical trans- 
mission medium having at least one reflective grating 
set written to an output region 34 thereof and at least 
one reflective grating set written to an input region 36 
thereof. The reflective gratings are, for example, Bragg 
gratings, etched gratings, in-line refractive index grat- 
ings or other suitable highly reflective fiber reflecting 
means. From another perspective, the cascaded Ram- 
an resonator 1 2 shown in Fig. 1 includes a set or plurality 
of matched fiber Bragg gratings spliced to both ends of 
the fiber 32. 

[0023] The fiber grating set written to the output region 
34 of the optical fiber 32 includes, for example, at least 
one highly reflective pump grating 42 whose maximum 
reflectance wavelength is approximately equal to the 
pump wavelength (Xp) from the pump laser 1 4. Also, the 
output fiber grating set includes highly reflective gratings 
44 whose maximum reflectance wavelengths essential- 
ly correspond to wavelengths within the intermediate 
Stokes orders (Vt K-2> K-3 ■■■) tnat correspond to 
maximum gain. The output fiber grating set also in- 
cludes at least one low reflectance or transmissive grat- 
ing 46 whose minimum reflectance is approximately 
equal to the desired output wavelength (XJ of the optical 
fiber laser system 10. 

[0024] The fiber grating set written to the input region 
36 of the optical fiber 32 includes highly reflective grat- 
ings 52 whose maximum reflectance wavelengths es- 
sentially correspond to wavelengths within the interme- 
diate Stokes orders \. 2 > K-3>- •) tnat correspond 
to maximum gain. Also, the input fiber grating set in- 
cludes at least one highly reflective grating 54 whose 
maximum reflectance wavelength is approximately 
equal to the desired output wavelength (X n ). 
[0025] As was discussed previously herein, the max- 
imum gain of the intermediate Stokes orders occurs at 
frequency shifts of about 1 3.2 terahertz (THz), starting 
at, for example, the operating wavelength of the pump 
laser (Xp). Shifts of 13.2 THz correspond to a wave- 
length shifts of approximately 50-100 nanometers (nm) 
for pump wavelengths between approximately 1.0 and 
1.5 microns (u,m). The power of the intermediate Ram- 
an-Stokes orders is circulated into the cavity ofthe cas- 
caded Raman resonator 12 until it is almost entirely con- 
verted into the successive Raman-Stokes orders. For 
example, in operation, the optical fiber laser system 10 
shown in FIG. 1 receives from the pump laser 14 at the 



pump wavelength Xp and efficiently converts the optical 
energy to output optical energy at an output wavelength 

K 

[0026] Referring now to FIG. 2a, a conventional opti- 
5 cat fiber laser system arrangement 20 is shown. The ar- 
rangement 20 includes a pump laser 1 4 having an input, 
operating or pump wavelength (XJ of approximately 
1 1 1 7 nm. The pump laser 1 4 is connected, for example, 
by a splice (indicated generally by V) to a cascaded 
10 Raman resonator (CRR) 12. 

[0027] The cascaded Raman resonator 1 2 includes a 
length of optical fiber 32 having an output region 34 with 
at least one refractive index grating written thereto and 
an input region 36 with at least one refractive index grat- 
is ing written thereto. The output region 34 includes a plu- 
rality of highly reflective gratings 44 with center wave- 
lengths of approximately 1175 nm, 1240 nm, 1310 nm 
and 1 396 nm. The output region 34 also includes a 
pump reflector, for example, in the form of a high reflect- 
20 ance grating 42, having a maximum reflectance wave- 
length of approximately 1117 nm, which is, for example, 
approximately equal to the operating wavelength X p of 
the pump laser 14. The output fiber grating set also in- 
cludes at least one low reflectance or transmissive grat- 
is ing 46 whose minimum reflectance is approximately 
equal to the desired output wavelength (AJ of the optical 
fiber laser system 20. 

[0028] The input region 36 includes a plurality of high- 
ly reflective gratings 52 with center wavelengths of ap- 
30 proximately 1 1 75 nm, 1 240 nm, 1 31 0 nm and 1 396 nm. 
The input region 36 also includes at least one highly re- 
flective grating 54, whose maximum reflectance is 1480 
nm, that is, approximately equal to the desired output 
wavelength X^. 

35 [0029] The reflective gratings 52 of the input region 
36 combine with the corresponding reflective gratings 
44 of the output region 34 to define optical cavities ther- 
ebetween that allow for the Raman scattering, as dis- 
closed previously herein. More specifically, the reflec- 

40 tive gratings 44, 52 are written so that their center wave- 
lengths correspond to the intermediate Raman-Stokes 
orders between the pump wavelength (X p = 1117 nm) 
and the output wavelength = 1 480 nm). In operation, 
the conventional arrangement of FIG. 2a converts input 

45 optical energy having an input or pump wavelength of 
1117 nm to output optical energy having a wavelength 
of 1480 nm. 

[0030] Referring now to FIG. 2b, a conventional opti- 
cal fiber arrangement 22 using a pump laser 14 having 

50 a wavelength (XJ of approximately 1100 nm is shown. 
The arrangement 22 also includes a cascaded Raman 
resonator 12 operably connected thereto, for example, 
by a splice (indicated generally by V). 
[0031] The cascaded Raman resonator 12 includes 

55 an optical fiber 32 having an output region 34 and an 
input region 36. The output region 34 includes a plurality 
of highly reflective gratings 44 with center wavelengths 
of approximately 1 1 56 nm, 1 2 1 8 nm, 1 287 nm, and 1 366 
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nm, and a pump reflector, for example, in the form of a 
high reflectance grating 42, having a maximum reflect- 
ance wavelength of approximately 1100 nm (the oper- 
ating or pump wavelength ^ of the pump laser 14). The 
output fiber grating set also includes at least one low 
reflectance or transmissive grating 46 whose minimum 
reflectance is approximately equal to the desired output 
wavelength (^) of the optical fiber laser system 20. 
[0032] The input region 36 includes a plurality of high- 
ly reflective gratings 52 with center wavelengths of ap- 
proximately 1 1 56 nm, 1 21 8 nm, 1 287 nm, and 1 366 nm. 
The region 36 also includes at least one highly reflective 
grating 54, whose maximum reflectance is 1480 nm, 
that is, approximately equal to the desired output wave- 
length X n . 

[0033] The reflective index gratings written to the in- 
put and output regions 36, 34 of the optical fiber 32 are 
written so that the respective maximum reflectance 
wavelengths (that is, their center wavelengths) corre- 
spond to the intermediate Raman-Stokes orders (that 
is, 1 1 56 nm, 1 21 8 nm, 1 287 nm, 1 366 nm) between the 
input pump wavelength (1100 nm) and the output wave- 
length (1450 nm). In operation, the optical fiber arrange- 
ment 22 shown in FIG. 2b converts input optical energy 
having an input or pump wavelength of 1100 nm to out- 
put optical energy having a wavelength of 1 450 nm. 
[0034] As should be evident from the previous discus- 
sion of the conventional arrangements shown in Figs. 
2a-b, in conventional arrangements, the input and out- 
put regions 36, 34 are configured to be useful only with 
an input source having a specific operating wavelength. 
For example, the arrangement 20 shown in Fig. 2a is 
useful only with a pump laser 14 having an operating 
(pump) wavelength Xp of approximately 1117 nm. Simi- 
larly, the arrangement 22 shown in Fig. 2b is useful only 
with a pump laser 14 having a operating (pump) wave- 
length Xp of approximately 1100 nm. Thus, in order to 
obtain a different desired output wavelength \, a differ- 
ent input wavelength (and thus a different pump laser) 
is required. Therefore, in conventional arrangements, 
cascaded Raman resonators typically are useful only 
with a single pump laser operating at a certain wave- 
length. 

[0035] From an economic perspective, the cascaded 
Raman resonator represents approximately 40% of the 
total cost of the overall optical fiber laser system ar- 
rangement. Therefore, the pump laser contributes ap- 
proximately 60% of the total cost, and each additional 
pump laser required in addition to the initial pump laser 
adds an additional 60% to the overall cost of the of the 
optical fiber laser system. 

[0036] According to embodiments of the invention, 
light is converted using stimulated Raman scattering at 
wavelengths characterized by less than maximum but 
sufficient conversion efficiency for many optical fiber la- 
ser applications. In this manner, the usefulness of opti- 
cal energy sources such as pump lasers is expanded 
advantageously. For example, pump lasers that con- 



ventionally were useful only with a single cascaded Ra- 
man resonator (CRR) configuration, are, according to 
embodiments of the invention, useful with multiple cas- 
caded Raman resonator (CRR) configurations. 

5 [0037] Referring now to FIG. 3, a graph 30 of the Ra- 
man gain spectrum is shown. From the graph 30, it is 
seen that Raman gain occurs for frequency shifts up to 
42 THz with the "p ract ' caJ " Raman gain spectrum ex- 
tending from approximately 3 THz until 15 THz, but with 

10 less efficient operation than is achievable at a frequency 
shift corresponding to the maximum Raman gain. 
Therefore, according to embodiments of the invention, 
cascaded Raman resonators and other suitable optical 
fiber laser devices are configured in such a way that the 

is frequency shifts of the resonant cavities fall within this 
frequency range, but not necessarily at the frequency 
that provides the theoretically maximum conversion ef- 
ficiency. More specifically, one or more gratings or other 
reflective means are written so that their center wave- 

20 lengths do not necessarily correspond to the maximum 
gain of the Raman-Stokes orders. Such configurations 
expand the usefulness of cascaded Raman resonators 
and other suitable devices in certain applications to the 
extent that, for example, devices designed for a pump 

25 laser or other optical energy source operating at a spe- 
cific wavelength are useful with sources that operate at 
other wavelengths. 

[0038] For example, in accordance with embodiments 
of the invention, cascaded Raman resonators have 

30 pump reflectors, output reflectors and Raman-Stokes 
order reflectors that take into account non-maximized 
but sufficient frequency shifts within the illustrated fre- 
quency range. That is, one or more of the grating pairs 
that form these reflectors are not necessarily written in 

35 correspondence with maximum gain of the intermediate 
Stokes orders of one or more pump laser operating 
wavelengths. However, the gratings are written within 
acceptable ranges of the theoretical maximum reflect- 
ance wavelengths, therefore allowing less efficient but 

40 still sufficient light conversion from an input or pump 
wavelength to a desired output wavelength \ n . In this 
manner, a single cascaded Raman resonator is flexible 
enough to convert light to a desired output wavelength 
from more than one pump laser wavelength (for ex- 

45 ample, Ap,, X p2 ), unlike conventional cascaded Raman 
resonator arrangements. 

[0039] Referring now to FIG. 4, an optical fiber laser 
system arrangement 40 according to an embodiment of 
the invention is shown. The arrangement 40 includes an 

50 optical energy source such as a pump laser 14 having 
an input or pump wavelength (K p ) of, for example, 1100 
nm, 1 1 1 7 nm or other suitable wavelength, for example, 
within the range from approximately 1085 nm to 1130 
nm. The pump laser 14 is connected to a cascaded Ra- 

55 man resonator (CRR) 1 2, for example, by a splice (indi- 
cated generally by V). 

[0040] The cascaded Raman resonator 1 2 includes 
an optical transmission medium such as an optical fiber 
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32 having an output region 34 and an input region 36. 
The output region 34 includes a pump reflector, for ex- 
ample, in the form of a high reflectance grating 42, writ- 
ten within the output region 34 with the maximum re- 
flectance occurring at a wavelength of approximately 
1117 nm. As will be discussed in greater detail herein- 
below, the high reflectance pump grating 42 makes it 
possible for the cascaded Raman resonator 12 to pro- 
vide 1 480 nm lasing for an input wavelength of 1 1 1 7 nm 
(that is, a 1117/1480 CRR). 

[0041] According to an alternative embodiment of the 
invention, the output region 34 also includes another 
pump reflector, for example, in the form of a high reflect- 
ance grating 43, written within the output region 34 with 
the maximum reflectance occurring at a wavelength of 
approximately.1100 nm. As will be discussed in greater 
detail hereinbelow, the high reflectance pump grating 42 
and/or the high reflectance grating 43 allows the cas- 
caded Raman resonator 12 to provide 1480 nm lasing 
for an input wavelength of 1 1 00 nm (that is, a 1 1 00/1 480 
CRR). 

[0042] The output region 34 also includes a plurality 
of reflective gratings 44 written within the output region 
34 design to reflect at wavelengths that at least roughly 
correspond to Raman-Stokes order wavelength shifts. 
For example, as shown, the reflective gratings 44 in the 
output region 34 have center wavelengths of approxi- 
mately 1 1 75 nm, 1 240 nm, 1 31 0 nm and 1 396 nm. How- 
ever, according to embodiments ofthe invention, one or 
more of the reflective gratings 44 are written, for exam- 
ple, so that their center wavelengths do not correspond 
to the maximum gain of the Raman-Stokes order wave- 
length shifts, but rather correspond to shifts within ap- 
proximately ±20 nm of the theoretical Raman shifts for 
maximum gain, which provide less than theoretically 
ideal but still enough conversion efficiency for the given 
application. 

[0043] The output region 34 also includes at least one 
low reflectance or transmissive grating 46 whose mini- 
mum reflectance is approximately equal to the desired 
output wavelength (X n ) of the optical fiber laser system 
40, for example, approximately 1 480 nm, which corre- 
sponds to the Raman-Stokes order wavelength shift. 
However, according to embodiments of the invention, 
the low reflectance or transmissive grating 46 is written, 
for example, so that its maximum reflectance does not 
correspond to the gain maximum of the Raman-Stokes 
order wavelength shift (1480 nm), that is, 1480 nm±20 
nm. 

[0044] It should be noted that, according to embodi- 
ments of the invention, although one or more of the grat- 
ings 52 in the input region 36 and gratings 44 in the out- 
put region 34 do not correspond gain maxima of the Ra- 
man-Stokes orders, they should still match or comple- 
ment one another. That is, gratings 52, 44 should still 
define optical cavities as before. For example, if a grat- 
ing 44 in the output region is written for maximum re- 
flectance at, for example, 1245 nm (instead of the the- 



oretical 1240 nm), then the corresponding grating 52 in 
the input region 36 should likewise be written for maxi- 
mum reflectance at 1245nm. In this manner, the defined 
optical cavity needed for proper Raman scattering is 

5 maintained. 

[0045] The input region 36 includes a plurality of high- 
ly reflective gratings 52 written to match or complement 
the plurality of reflective gratings 44 in the output region 
34, that is, to correspond at least roughly to the Raman- 

10 Stokes order wavelength shifts. More specifically, both 
the reflective gratings 44 and the reflective gratings 52 
are written to have center wavelengths of approximately 
1175 nm, 1240 nm, 1310 nm and 1396 nm. 
[0046] The input region 36 also includes a high reflect- 

*5 ance output reflector, for example, in the form of a high 
reflectance grating 54. The high reflectance grating 54 
is written within the input region 36 so that the maximum 
reflection of the high reflectance grating occurs at ap- 
proximately the desired output wavelength \. 

20 [0047] In operation, the reflective gratings 52 ofthe in- 
put region 36 combine with the corresponding reflective 
gratings 44 of the output region 34 to define optical cav- 
ities therebetween that allow for the Raman scattering, 
as disclosed previously herein. More specifically, the in- 

25 put optical energy from the pump laser 1 4 (for example, 
having an input wavelength Xp of approximately 1100 
nm or 1117 nm) propagates essentially unimpeded 
through the input region 36. The optical energy then is 
substantially converted to 1 1 75 nm by Raman scattering 

30 jn the region of the optical fiber 32 between the input 
region 36 and the output region 34. Any light that initially 
is not converted is reflected by the highly reflective grat- 
ing 42 (1117 nm) and/or the highly reflective grating 43 
(1 1 00 nm) back into the optical cavity defined by the two 

35 1175 nm gratings. 

[0048] The (converted) 1 1 75 nm light then is reflected 
back into the region of the optical fiber 32 between the 
input region 36 and the output region 34 by the two 11 75 
nm gratings, where it is substantially converted to 1 240 

40 nm by Raman scattering. The 1240 nm light then is re- 
flected back into the region of the optical fiber 32 be- 
tween the input region 36 and the output region 34 by 
the two 1175 nm gratings, where it is substantially con- 
verted to 1310 nm by Raman scattering. Similarly, the 

45 1310 nm light is converted to 1 396 nm and then to 1 480 
nm. 

[0049] The (converted) 1480 nm light, which propa- 
gates at the desired output wavelength (X n ) is reflected 
by the highly reflective grating 54 in the input region 36. 

so The 1480 nm light then passes through the low reflect- 
ance or transmissive grating 46 and the rest of the out- 
put region 34 to the output of the resonator 12. 
[0050] In conventional arrangements, the high reflect- 
ance pump reflector grating is written to have maximum 

55 reflectance wavelengths approximately equal to the 
pump laser wavelength (Xp). The Raman -Stokes order 
reflector gratings are written based on the theoretical 
maximum frequency shifts for maximum gain from the 
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desired input wavelength (Kp) and the low reflectance 
output reflector gratings are written to have satisfactory 
reflectance corresponding to the desired output wave- 
length (X n ). 

[0051] For example, in conventional arrangements, 
for a pump laser with an operating wavelength of 1100 
nm, the pump reflector is written for maximum reflect- 
ance to occur at a wavelength of 1 100 nm. Also, the Ra- 
man frequency shifts which correspond to maximum 
gain occur, for example, at wavelengths of 1156 nm, 
1218 nm, 1287 nm and 1366 nm and thus the Raman- 
Stokes order reflector gratings are written to correspond 
with these frequency shifts. Finally, the output reflector 
grating is written for minimum reflectance to occur at a 
wavelength of 1450 nm. See, for example, FIG. 2a and 
the corresponding discussion hereinabove. 
[0052] Similarly, in conventional arrangements, for a 
pump laser with an operating wavelength of 1117 nm, 
the pump reflector is written to have maximum reflect- 
ance at a wavelength of 1117 nm. Also, the Raman fre- 
quency shifts which correspond to maximum gain occur, 
for example, at wavelengths of 1 1 75 nm, 1 240 nm, 1 31 0 
nm and 1396 nm and thus the Raman-Stokes order re- 
flector gratings are written to correspond with these fre- 
quency shifts. The output reflector grating is written for 
minimum reflectance to occur at a wavelength of 1480 
nm. See, for example, FIG. 2b and the corresponding 
discussion hereinabove. 

[0053] However, embodiments of the invention ad- 
vantageously recognize that the Raman gain spectrum 
is approximately 60 nm wide. Therefore, for example, a 
pump laser operating at a wavelength of 1100 nm pro- 
vides gain from, for example, 1l20nmto1180nm. Such 
gain is within an acceptable range for cascaded Raman 
resonators designed for operation with, for example, a 
1 117 nm pump laser (that is, a 111 7/1480 CRR), wherein 
the maximum gain for the first Raman shift from 1117 
nm occurs at 1175 nm. Therefore, according to embod- 
iments of the invention, a 1117/1480 CRR configured, 
for example, as shown in Fig. 4, is capable of being 
pumped not only by a 1117 nm pump laser (as is con- 
ventionally done), but also by a 1100 nm pump laser as 
well. 

[0054] Similarly, the 60 nm wide gain spectrum is suf- 
ficient for cascaded Raman resonators designed for op- 
eration with 1100 nm pump lasers (that is, 1100/1450 
CRRs) to be pumped not only by 1117 nm pump lasers 
(as is conventionally done), but also by a 1100 nm pump 
laser. A 1100/1450 CRR configured according to em- 
bodiments of the invention is shown in Fig. 5 as part of 
the optical fiber laser system arrangement 50. 
[0055] The optical fiber laser system arrangement 50 
includes an optical energy source such as the pump la- 
ser 1 4 having a pump wavelength (Xp) of approximately 
1 1 00 nm. The pump laser 1 4 is connected to a cascaded 
Raman resonator (CRR) 12. The cascaded Raman res- 
onator 12 includes the optical fiber 32 with an output 
region 34 and an input region 36. The output region 34 



includes a pump reflector (for example, high reflectance 
grating 42) written so that its maximum reflectance oc- 
curs at approximately 1100 nm. 
[0056] According to embodiments of the invention, 

s the output region 34 also includes another pump reflec- 
tor, for example, in the form of a high reflectance grating 
45, written in the output region 34 so that its maximum 
reflectance occurs at a wavelength of approximately 
1117 nm. It is the addition of the high reflectance grating 

io 45 that allows the cascaded Raman resonator 1 2 to pro- 
vide 1 450 nm lasing for an input wavelength of 1 1 1 7 nm 
(that is, a 1117/1450 CRR). 

[0057] The reflective gratings 44 written in the output 
region 34 correspond, at least roughly, to Raman- 

15 Stokes order wavelength shifts corresponding to maxi- 
mum gain. Thus, for a 1100/1450 CRR, the reflective 
gratings 44 have center wavelengths of approximately 
1 1 75 nm, 1 240 nm, 1 31 0 nm and 1 396 nm for theoretical 
maximum Raman scattering conversion efficiency. 

20 However, according to embodiments of the invention, 
one or more of the reflective gratings 44 do not corre- 
spond to maximum gain Raman-Stokes order wave- 
length shifts, but rather correspond to shifts that provide 
less than theoretically ideal but still conversion efficien- 
ts cy for the given application. More specifically, one or 
more of the gratings 44 are written within ±20 nm of the 
previously-mentioned center wavelengths. 
[0058] The output region 34 also includes at least one 
low reflectance or transmissive grating 46 written to its 

30 maximum reflectance at approximately 1450 nm. How- 
ever, according to an embodiment of the invention, the 
transmissive grating 46 is written, for example, so that 
its maximum reflectance does not correspond to the 
gain maximum of the Raman-Stokes order wavelength 

35 shift (1450 nm). For example, grating 46 is written to 
have its maximum reflectance at 1450+20 nm. 
[0059] The input region 36 includes a plurality of high- 
ly reflective gratings 52 written, for example, to have 
center wavelengths of approximately 1175 nm, 1240 

40 nm, 1 31 0 nm and 1 396 nm for theoretical maximum Ra- 
man scattering conversion efficiency. The input region 
36 also includes a high reflectance grating 54 written so 
that the maximum reflection of the high reflectance grat- 
ing occurs at approximately 1 450 nm (that is, AJ. How- 

45 ever, according to an embodiment of the invention, at 
least one of the gratings 52 and/or grating 54 is written, 
for example, so that its maximum reflectance does not 
correspond to the gain maximum of the Raman-Stokes 
order wavelength shift (1 450 nm). More specifically, one 

50 or more of the gratings 52, 54 are written within ±20 nm 
of the previously-mentioned center wavelengths. 
[0060] As discussed previously herein, although one 
or more of the gratings 52 and 44 do not correspond to 
the gain maxima of the Raman -Stokes orders according 

55 to embodiments of the invention, the gratings should still 
match or complement their corresponding gratings. 
That is, gratings 52, 44 should still define optical cavities 
as before. For example, if a grating 44 in the output re- 
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gion 34 is written for maximum reflectance at, for exam- 
ple, 1 360 nm (instead of the theoretical 1 366 nm), then 
the corresponding grating 52 in the input region 36 
should likewise be written for maximum reflectance at 
1 360 nm. In this manner, the defined optical cavity need- 
ed for proper Raman scattering is maintained. 
[0061] In operation, the optical fiber laser system ar- 
rangement 50 converts input light having at an input 
wavelength (Xp) of 1100 nm to light having an output 
wavelength (XJ of 1450 nm, in a conventional manner. 
However, according to embodiments of the invention, 
the optical fiber laser system arrangement 50 also con- 
verts light having an input wavelength (X p ) of 1117 nm 
to light having an output wavelength (X^) of 1450. 
[0062] The advantageous realization according to 
embodiments of the invention also allows the writing of 
one or more of the Raman-Stokes order reflector grating 
pairs to vary based on the conversion frequency needed 
within the cascaded Raman resonator rather than solely 
on theoretical maximum gain Raman frequency shifts. 
Similarly, it is possible to vary the writing of the high re- 
flectance pump reflectors and/or the low reflectance out- 
put reflectors depending on the needed conversion fre- 
quency instead of only theoretical maximum gain Ram- 
an frequency shifts. 

[0063] Referring now to FIGs. 6a-b, graphs of simu- 
lated pump absorption versus optical fiber length for var- 
ious pump power intensities are shown. From the graph 
in Fig. 6a it can be seen that, for relatively high pump 
powers (for example, pump powers greater than ap- 
proximately 4 watts), most of the light practically is ab- 
sorbed within, for example, the first 100 meters of the 
optical fiber. Therefore, according to alternative embod- 
iments of the invention, a pump reflector is not required 
when operating, for example, at relatively high pump 
powers (for example, greater than 4 watts). By compar- 
ison, as shown in Fig. 6b, it can be seen that, for lower 
pump powers, much of the light is not absorbed by the 
fiber, even after approximately 500 meters. 
[0064] Referring now to FIG. 7, an optical fiber laser 
system arrangement 70 according to an alternative em- 
bodiment of the invention is shown. Specifically, the op- 
tical fiber laser system arrangement 70 combines the 
use of the cascaded Raman resonator 1 2 with a pump 
laser 14 that operates at relatively high pump powers 
(for example, greater than 4 watts). As shown, the opti- 
cal fiber laser system arrangement 70 includes an opti- 
cal fiber 32 having an output region 34 and an input re- 
gion 36. The output region 34 includes a plurality of grat- 
ings 44 written, for example, to at least roughly corre- 
spond to the intermediate Stokes orders (X^, X^, 
X^,...). Similarly, the input region 36 includes a plurality 
of gratings 52 written, for example, to at least roughly 
correspond to the intermediate Stokes orders . X^, 
•)• Also « tne ' n P ut region 36 includes a highly re- 
flective grating 54 whose maximum reflectance wave- 
length is approximately equal to the desired output 
wavelength (X n ). 



[0065] However, according to this alternative embod- 
iment of the invention, the cascaded Raman resonator 
12 does not include a pump reflector. As discussed pre- 
viously herein, for pump lasers 14 operating at high 

5 pump powers, (for example, greater than approximately 
4 watts) sufficient absorption occurs in the first hundred 
meters of the optical fiber such that a pump reflector of- 
ten is not needed within the light conversion device. Ac- 
cordingly, if the pump power is relatively low (for exam- 

10 pie, less than approximately 4 watts), a pump reflector 
corresponding to the particular wavelength of the pump 
laser (X p ) may have to be written at the output grating 
set. 

[0066] The inventive cascaded Raman resonator ar- 

f5 rangement 70 shown in FIG. 7 is compared with, for ex- 
ample, the inventive arrangement 40 shown in FIG. 4, 
in which the cascaded Raman resonator 12 includes the 
pump reflector 42 written to have maximum reflectance 
at a wavelength of 1117 nm, and the inventive arrange- 

20 ment 50 shown in FIG. 5, in which the cascaded Raman 
resonator 12 includes the pump reflector 42 written to 
have maximum reflectance at a wavelength of 1 100 nm. 
[0067] Optical fiber laser system arrangements and 
devices according to embodiments of the invention are 

25 less complex and less expensive than conventional ar- 
rangements. Furthermore, the scaleable power features 
of arrangements according to embodiments of the in- 
vention offer additional flexibility. 
[0068] It will be apparent to those skilled in the art that 

30 many changes and substitutions can be made to the em- 
bodiments of the optical fiber laser system arrange- 
ments and devices herein described without departing 
from the spirit and scope of the invention as defined by 
the appended claims and their full scope of equivalents. 

35 

Claims 

1. Apparatus for converting optical energy within an 
40 optical communications system (10) including a 
source of optical energy (14) having an input wave- 
length X p wherein the optical energy is converted 
to an output wavelength X„ that is greater than the 
input wavelength 7^, wherein said apparatus com- 
45 prises: 

an optical transmission medium (32) coupled to 

the source of optical energy; 

at least one pair of gratings (44, 46, 52, 54) 

50 formed in said optical transmission medium 

that defines optical cavities for radiation of op- 
tical energy at said output wavelength X„, 
wherein the defined optical cavities convert op- 
tical energy of the input wavelength X p optical 

55 energy having the output wavelength X„, 

characterized in that 

wherein at least one pair of the gratings iswrit- 
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ten in said optical transmission medium at a wave- 
length that does not correspond to the maximum 
gain for the Raman-Stokes order shift, wherein the 
optical energy is converted with less efficiency than 
if the gratings were written at wavelengths that cor- 5 
respond to the maximum gain for the Raman- 
Stokes order shifts, wherein maximum reflection ef- 
ficiency occurs at wavelengths that correspond to 
Raman-Stokes order shifts. 

10 

2. The apparatus as recited in claim 1 , further com- 
prising a reflective grating formed in said optical 
transmission medium at a wavelength that provides 
maximum reflection of optical energy at the input 
wavelength Xp. 

3. The apparatus as recited in claim 1 , further com- 
prising a first reflective grating formed in said optical 
transmission medium at a wavelength that provides 
maximum reflection of optical energy at a first input 20 
wavelength X pV and a second reflective grating 
formed in said optical transmission medium at a 
wavelength that provides maximum reflection of op- 
tical energy at a second input wavelength Xp 2 , 
wherein at least one of the first and second input 25 
wavelengths differs from the input wavelength X p . 

4. The apparatus as recited in claim 1 , wherein the 
gratings at wavelengths not corresponding to the 
gain maxima of the Raman-Stokes order shifts are 30 
within approximately ±20 nm of wavelengths that 
correspond to the gain maxima of the Raman- 
Stokes order shifts. 

5. The apparatus as recited in claim 1 , further com- 35 
prising at least one reflective grating formed in said 
optical transmission medium at a wavelength that 
provides reflection with less than maximum efficien- 
cy, wherein the wavelength of the reflective grating 
does not correspond to the gain maxima of the Ra- 40 
man-Stokes order shift of the input wavelength ^ 

but is within approximately ±20 nm of a wavelength 
that corresponds to the gain maxima of the Raman- 
Stokes order shift of the input wavelength X ? . 

45 

6. The apparatus as recited in claim 1 , wherein said 
optical transmission medium includes an input re- 
gion and an output region, and wherein said at least 
one pair of gratings further comprises at least one 
grating written in said input region and a comple- so 
mentary grating written in said output region. 

7. A cascaded Raman resonator (CRR) (12) for con- 
verting optical energy to an output wavelength X n , 
said cascaded Raman resonator (CRR) compris- ss 

ing: 

an optical transmission medium (32) for cou- 



pling to a source of optical energy having an 
input wavelength X^, said optical energy trans- 
mission medium including an input region (36) 
and an output region (34); 
a first reflective grating (54) formed in the input 
region of said optical transmission medium, 
said first reflective grating corresponding to the 
output wavelength X n ; 

at least one second reflective grating (52) 
formed in the input region of said optical trans- 
mission medium, said second gratings corre- 
sponding to the intermediate Raman-Stokes 
order shifts X^, X 2 ,...,X n , where n>2; 
at least one third reflective grating (44) formed 
in the output region of said optical transmission 
medium, said third gratings corresponding to 
the intermediate Raman-Stokes order shifts X^ , 
X^.... X w where n>2, said third gratings comple- 
menting respective second gratings and form- 
ing grating pairs therewith in such a way that 
optical cavities are defined in said optical trans- 
mission medium for Raman scattering; and 
at least one transmissive grating (46) written in 
the output region of said optical transmission 
medium at a wavelength that provides maxi- 
mum reflectance of optical energy at the output 
wavelength X n , said transmissive grating com- 
plementing said first reflective grating and 
forming a grating pair therewith within said op- 
tical transmission medium, 

characterized in that 

wherein the gratings of at least one grating 
pair formed by a second reflective grating and the 
respective third reflective grating are written at 
wavelengths that do not correspond to the gain 
maxima of the Raman-Stokes order shifts, wherein 
the optical energy is converted with less efficiency 
than if said reflective gratings were written at wave- 
lengths that correspond to the gain maxima of the 
Raman-Stokes order shifts. 

8. The apparatus as recited in claim 7, further com- 
prising a reflective pump grating formed in the out- 
put region of said optical transmission medium at a 
wavelength that provides maximum reflection of op- 
tical energy at the input wavelength Xp. 

9. The apparatus as recited in claim 7, further com- 
prising a reflective pump grating formed in the out- 
put region of said optical transmission medium at a 
wavelength that provides maximum reflection of op- 
tical energy at a first input wavelength and a 
second pump reflective grating formed in the output 
region of said optical transmission medium at a 
wavelength that provides maximum reflection of op- 
tical energy at a second input wavelength X p2 , 
wherein at least one of the first and second input 
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wavelengths differs from the input wavelength Xp. 

10. The apparatus as recited in claim 7, wherein the 
gratings at wavelengths not corresponding to the 
gain maxima of the Raman-Stokes order shifts are s 
written at wavelengths within approximately ±20 nm 

of wavelengths corresponding to the gain maxima 
of the Raman-Stokes order shifts. 

11. The apparatus as recited in claim 7, further com- 10 
prising at least one reflective grating formed in the 
output region of said optical transmission medium 

at a wavelength that provides reflection with less 
than maximum efficiency, wherein the wavelength 
of the reflective grating does not correspond to the ^ 
gain maxima of the Raman-Stokes order shift of the 
input wavelength X p but is within approximately ±20 
nm of the gain maxima of the Raman-Stokes order 
shift of the input wavelength X^. 

20 

12. An optical communications system (10), compris- 
ing: 

a source of optical energy (14) having an input 
wavelength X^, and 25 
a cascaded Raman resonator (12) optically 
coupled to said source, said cascaded Raman 
resonator having an input region (36) and an 
output region (34), wherein said input region in- 
cludes a reflective grating (54) formed therein 30 
at a wavelength corresponding to an output 
wavelength \ ) , and at least one reflective grat- 
ing (52) formed therein at wavelengths corre- 
sponding to the intermediate Stokes orders 7^, 
X 2 - i -.-,X n , where n>2, and wherein said output 35 
region includes at least one reflective grating 
(44) formed therein at wavelengths corre- 
sponding to the intermediate Stokes orders X^, 
and a transmissive grating (46) formed 
therein at a wavelength corresponding to the 40 
output wavelength X^, 

characterized in that 

wherein at least one pair of gratings formed 
by an input region grating and the corresponding 
output region grating is written at a wavelength that 
does not correspond to the gain maxima of the Ra- 
man-Stokes order shifts, wherein the optical energy 
is converted with less efficiency than if the gratings 
were written at wavelengths that correspond to the so 
gain maxima of the Raman-Stokes order shifts, 
wherein maximum reflection efficiency occurs at 
wavelengths that correspond to Raman-Stokes or- 
der shifts. 
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FIG. 6 A 
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